ABSTRACT: Experimental IR spectra in the 500−1850 cm −1 fingerprint frequency range are presented for the isolated, gaseous redox pair ions [Ru(bpy) 3 ] 2+ , and [Ru(bpy) 3 ] + , where bpy = 2,2′-bipyridine. Spectra are obtained using the FELIX free-electron laser and a quadrupole ion trap mass spectrometer. The 2+ complex is generated by electrospray ionization and the chargereduced radical cation is produced by gas-phase one-electron reduction in an ion−ion reaction with the fluoranthene radical anion. Experimental spectra are compared against computed spectra predicted by density functional theory (DFT) using different levels of theory. For the closed-shell [Ru(bpy) 3 ] 2+ ion, the match between experimental and computed IR spectra is very good; however, this is not the case for the charge-reduced [Ru(bpy) 3 ] + ion, which demands additional theoretical investigation. When using the hybrid B3LYP functional, we observe that better agreement with experiment is obtained upon reduction of the Hartree−Fock exact-exchange contribution from 20% to about 14%. Additionally, calculations using the M06 functional appear to be promising in terms of the prediction of IR spectra; however, it is unclear if the correct electronic structure is obtained. The M06 and B3LYP functionals indicate that the added electron in [Ru(bpy) 3 ] + is delocalized over the three bpy ligands, while the long-range corrected LC-BLYP and the CAM-B3LYP functionals show it to be more localized on a single bpy ligand. Although these latter levels of theory fail to reproduce the experimentally observed IR frequencies, one may argue that the unusually large bandwidths observed in the spectrum are due to the fluxional character of a complex with the added electron not symmetrically distributed over the ligands. The experimental IR spectra presented here can serve as benchmark for further theoretical investigations.
INTRODUCTION
The tris(2,2′-bipyridine)−ruthenium coordination complex ion [Ru(bpy) 3 ] 2+ is a classical metal−organic ingredient used, for instance, in dye-sensitized solar cells (DSSCs), 1−6 in sensors, 7, 8 in organic synthesis as a photoredox catalyst, 9−11 and in artificial photosynthetic schemes. 12−14 The dicationic [Ru(bpy) 3 ] 2+ coordination complex is known to possess a high absorption cross section in the visible range of the spectrum. In DSSCs, light absorption occurs predominantly on transitions with metal-to-ligand charge-transfer (MLCT) character, 15 leading eventually to oxidation of the dye. The oxidized dye is reduced back typically by the I − /I 3 − redox shuttle in solution ( Figure 1) . 16, 17 [Ru(bpy) 3 ] 2+ may also be reduced to [Ru(bpy) 3 ] + by accepting an electron before photo-oxidation (reductive quenching). 18 These successive reductions give rise to a series of oxidation states of the dye sensitizer. 14 Structure, stability, excited state reactivity, and photodynamics are dependent on the oxidation state, and studies of these complexes in complete isolation can contribute to a better understanding of their properties. One particularly interesting aspect of gas-phase studies is that they can serve as critical benchmarks for high-level theoretical models used to describe these systems.
In order to unravel the underlying mechanisms at each stage, Ru(bpy) 3 and many of its derivatives have been the subject of a vast number of experimental and theoretical studies. 5,6,15,19−26 The long-term stability of the dyes used in DSSCs is a crucial issue in their practical applicability. For instance, although Ru(bpy) 3 -based complexes exhibit solar-cell efficiencies of about 11% in outdoor conditions, 16 ,27−29 they degrade over time 30, 31 and reductive quenching 16 influences the efficiency.
Various structural fabrications have been suggested, such as replacement of monodentate thiocyanate ligands by anionic aromatic tris(bidentate) or bis(tridentate) ligands. 32−41 The excited state reactivity is another crucial factor in their design. For instance, tris(bidentate) complexes have relatively long excited state lifetimes compared to those of bis(tridentate) complexes. 19, 42 Longer lifetimes of the excited states may induce dissociation of the dye sensitizers and degrade their performance over time. In contrast, the fast regeneration of the oxidized species may prevent degradation.
Infrared and resonance Raman spectroscopy were employed to study the [Ru(bpy) 3 ] 2+ ion 26, 43 and its deuterated analogue in solution along with valence force field 44, 45 calculations to assign the observed vibrational bands. 46 Transient infrared absorption spectroscopy 47, 48 was used to study the ground and the excited triplet MLCT state of [Ru(bpy) 3 ] 2+ in solution. 49, 50 It was concluded that the excited electron is localized on one of the bpy ligands rather than being delocalized over all ligands. 43, 51 A similar conclusion was also proposed for the reduced [Ru(bpy) 3 ] + ion in solution on the basis of different types of spectroscopy. 52−54 In contrast, gas-phase electronic spectroscopy experiments on the [Ru(bpy) 3 ] + ion and associated computations suggested that the added electron is delocalized over the three bpy ligands. 55 The energy required to remove a bpy ligand from the dication is naturally higher than from the monocation analogue, which was shown experimentally using gas-phase photodissociation in the visible wavelength range. 55, 56 In these experiments, gaseous [Ru(bpy) 3 ] + was prepared by charge reduction of [Ru(bpy) 3 ] 2+ by electron transfer from cesium vapor. The UV spectrum of the monocation showed much broader bands than that of the dication analogue, where bands were also red-shifted with respect to those for the dication. Here, we investigate the same gaseous Ru(bpy) 3 complex in the 1+ and 2+ oxidation states using IR spectroscopy in the fingerprint range and address the question of whether the change of oxidation state from 2+ to 1+ affects the IR spectrum and structure of the complex.
Numerous electronic structure calculations have been reported for the [Ru(bpy) 3 ] 2+ ion. 57−60 Especially density functional theory (DFT) has been extensively used to predict physicochemical properties of the system. For experimental validation of these computational results, gas-phase experiments are especially valuable as solution-phase studies may lack species selectivity and may show unwanted or unknown effects of solvent molecules or counterions, which obstruct a clear understanding of intrinsic molecular properties. 61 However, the availability of gas-phase data on these ionic systems is limited due to experimental challenges. Here, we provide gas-phase IR spectra of isolated [Ru(bpy) 3 ] 2+ and its charge-reduced [Ru(bpy) 3 ] + counterpart. Our methodology is based on IR multiple-photon dissociation (IRMPD) spectroscopy of mass-selected ions in a quadrupole ion trap mass spectrometer (QIT-MS). 62−64 [Ru(bpy) 3 ] 2+ ions are produced by electrospray ionization (ESI) and its reduced analogue is produced in a gas-phase electron-transfer reaction with an anionic reagent, 65 thus giving unique spectroscopic access to the two members of the redox-pair in complete isolation. 66 We compare our experimental spectra with DFT computed IR spectra and with relevant data derived from previous gas-phase electronic spectra of bare 55 and tagged 56,67−69 Ru(bpy) 3 ions.
2. METHODS 2.1. Experimental Section. All experiments have been performed in a modified quadrupole ion trap mass spectrometer (QIT MS, Bruker, AmaZon Speed ETD, Bremen, Germany), which has been described in detail elsewhere. 62 The ion at m/z 570 is generated by one-electron charge reduction using the electron-transfer dissociation (ETD) option of the QIT-MS. 55, 65, 66, 70 During the charge-reduction reaction, an electron is transferred from the fluoranthene radical anion to the Ru-complex dication. Fluoranthene radical anions are generated in a negative chemical-ionization ion source and are transferred to the quadrupole trap, where they engage in an ion−ion reaction for 250−300 ms with the [ 102 Ru(bpy) 3 ] 2+ dication. 66, 71 The intact charge-reduced monocation (sometimes referred to as ETnoD) can then be mass-isolated for subsequent IRMPD spectroscopic interrogation.
Fingerprint IRMPD spectra of both [Ru(bpy) 3 ] 2+/+ ions were recorded from 500 to 1850 cm −1 using the tunable infrared radiation from the FELIX free-electron laser (FEL). 63, 64 Operating at a repetition rate of 10 Hz, FELIX 72, 73 produces macropulses of 6−10 μs duration with energies up to 100 mJ per pulse. The mass-to-charge isolated ions are irradiated with the FEL radiation, which induces vibrational excitation when the laser frequency is on-resonance with one of the normal modes of the ions. Multiple photons are absorbed while statistical redistribution of energy takes place, thus increasing the internal energy of the ions, eventually leading to unimolecular dissociation. [Ru(bpy) 3 ] 2+ ions were irradiated with 20 FEL macropulses at maximum pulse energy. The charge-reduced ions, [Ru(bpy) 3 ] + , were irradiated by 2 pulses with the pulse energy reduced by a factor of 3 to prevent saturation by complete depletion of the precursor ions. IR spectra were generated by plotting the natural logarithm of the fragmentation yield
as a function of the IR laser frequency, where I frag and I pre represent ion intensities for fragment and precursor ions, respectively. 74, 75 At each IR frequency point, five mass spectra were averaged. The laser frequency step size was 3 cm 81 (M06, M06L, M06-2X) were employed for comparison with an effective core pseudopotential (ECP) on Ru and 6-311+G(d,p) on C, N, and H atoms. 82 The rangeseparated CAM-B3LYP level of theory was also used for the charge-reduced monocation. In all cases, the ECP used was aug-cc-pVTZ-pp. 83 To refine the relative energies among different functionals, single-point MP2/6-311+G(2d,2p) calculations were also performed. Relativistic effects were not taken into account using these functionals. Natural population analysis (NPA) 84 was performed using the keyword "pop = npa". All calculations described above were performed using Gaussian09 revision D 01. Computed harmonic IR frequencies were convoluted using a 15 cm −1 full-width at half-maximum (fwhm) Gaussian line shape function. For consistency in evaluating the performance of different levels of theory in terms of IR spectral prediction, we chose to scale harmonic frequencies by a factor of 0.965 for all levels of theory. This scale factor gives satisfactory results for the dicationic species when B3LYP or M06 functionals are used (see Figure 4) . ) are significantly different (see Figure 4) . Hydrogen atoms are omitted for clarity. Coordinate labeling as used in Table 2 is shown. 3 ] 2+ is shown in the left-hand panels of Figure 4 and reveals only two dominant relatively narrow IR absorption bands. Substantial changes in the IRMPD spectrum are observed upon charge reduction to [Ru(bpy) 3 ] + , whose spectrum shows an increased number of strong IR bands, which are also significantly broadened (see right-hand panels in Figure 4 and Table 1 ). In previous studies on charge-reduced coordination complexes of Ni and Cu performed under similar experimental conditions, 66, 95 such obvious spectral broadening was not observed, suggesting that the broadening is intrinsic to the Ru(bpy) 3 + system and not to the experimental method. Theoretical IR spectra (black in all panels) at all levels of theory produce a relatively satisfactory match for the dication. However, this is not the case for the charge-reduced monocation, for which the predicted frequencies of the main absorption bands are severely blue-shifted. The M06 functional appears to give the closest match with the experimental frequencies.
The energetic requirements to induce dissociation of the complex are very different for the two oxidation states. To record the IRMPD spectra in Figure 4 , the [Ru(bpy) 3 ] 2+ ions were irradiated by 20 laser pulses, whereas the charge-reduced [Ru(bpy) 3 ] + ions were irradiated by only 2 pulses, attenuated to one-third of the original pulse energy. This is in qualitative agreement with observations by Nielsen and co-workers, who investigated these ions by gas-phase UV/vis photodissociation spectroscopy. 55, 56 In the literature, experimental gas-phase Figure 4d ). In general, all four levels of theory presented in Figure 4 accurately identify these two main IR bands, although their relative intensities are reversed as compared with experiment. The higher-frequency band shows dominant CC and CN stretch character combined with C−H in-plane bending. The lower-frequency mode is predominantly due to C−H out of plane bending motion. Theoretical bands with lower intensity are not observed in the experimental spectrum, which we attribute to collisional deactivation of the ions by the helium buffer gas inside QIT during IR activation, which prevents ions from reaching the dissociation threshold. 62, 66, 70, 75 Especially for ions with a relatively high Figure 4a .
IR spectra of [Ru(bpy) 3 ] 2+ recorded in a KBr pellet in the 1000−1800 cm −1 range were reported by Sun et al. 26 and by Mukuta et al. 49 The dominant IR bands at 1424, 1447, and 1465 cm −1 in the pellet spectra 49 are close to our experimental band at 1436 cm −1 (fwhm = 25 cm
). Additional lowintensity IR bands were observed in the pellet spectrum 49 at 1314, 1271, and 1161 cm . These bands were too weak to be observed in our IRMPD spectrum and the IR range below 1000 cm −1 was not reported for the pellet spectrum.
Analysis of the IR Spectrum of [Ru(bpy) 3 ]
+ . We now turn to the charge-reduced [Ru(bpy) 3 ] + ion, for which an experimental IR spectrum has, to the best of our knowledge, not been reported. As discussed above, this singly charged ion has a much lower threshold to dissociation, so that nearly all IR bands predicted by theory can be correlated with bands observed in the IRMPD spectrum, although several bands are significantly shifted in frequency and some have deviating intensities (see right panel of Figure 4 ). It is notable that spectra computed using different theoretical methods vary more for the monocation than for the dication, both in position and in intensity. The B3LYP calculated spectra are quite similar with small differences depending on the basis set used, but the overall deviation from the experimental spectrum is substantial. A significant improvement is observed for the M06 functional (Figure 4d ), perhaps consistent with suggestions on the suitability of this functional for transition metal complexes. 99, 100 For instance, the IRMPD band at 1073 cm −1 (fwhm = 60 cm , which is also closely predicted at 1278 cm −1
. Finally, the most intense band in the computed spectrum at 917 cm −1 is also relatively close to the strong experimental band at 870 cm
A very similar infrared spectrum is obtained at the M06/ TZ2P level of theory, shown in orange in Figure 4d , although a few differences are noted. At the M06/TZ2P level, the dominant band predicted at 899 cm −1 moves closer toward the experimental value; however, the band at 1240 cm −1 moves further away from the experimental position. Structural parameters given in Supporting Information Table S1 are very close to those calculated at the M06/6-311+G(d,p) level.
A careful inspection of the normal mode atom displacements shows that all levels of theory yield similar normal mode characters ( Table 1) . The most intense and strongly broadened experimental band at 870 cm −1 , assigned to the band calculated at 917 cm −1 (M06), is best characterized as a symmetric bpy ring breathing motion that involves a symmetric Ru−N stretching motion ( Figure 5) . The large 47 cm −1 (29 cm −1 at the M06/TZ2P) blue shift with respect to the experiment therefore suggests that the central Ru-ligand coordination bonds are not as strong as theory predicts, which we investigate further here.
The hybrid B3LYP functional uses 20% Hartree−Fock (HF) exact exchange, 101 while M06 has 27% exact exchange. 81, 102 Inclusion of higher HF exchange contribution in the DFT functional can lead to overbinding 103 or underbinding 104 of the complexes. Figure 6 illustrates the spectral effects of a gradual reduction of the HF exact-exchange contribution in the B3LYP functional (using the def2-TZVP basis set) starting from the original 20% value. At lower values of HF contribution, the b str, stretch; ip, in-plane bending mode; oop, out-ofplane bending; bpy ring breath, bipyridine ring breathing; sym, symmetric; asym, asymmetric; s, strong band; m, medium; w, weak. , respectively (see Table 1 ).
The Journal of Physical Chemistry A pubs.acs.org/JPCA Article main IR features shift to lower frequencies, in the direction of the experimentally observed positions. Relative intensities also appear to converge toward experimentally observed values. At the same time, the average Ru−N bond length (given in each panel of Figure 6 ) increases, indicating a weaker metal−ligand bonding at lower HF contribution. Partial charges at the Ru and N atoms also decrease (in an absolute sense) suggesting the reduced binding to be due to reduced electrostatic attraction. The hexadentate coordination is maintained. At an HF contribution of about 13−15%, we qualitatively find an optimum match between experimental and computed IR spectra. The most significant improvements in experimental versus computed frequencies occur for the dominant IR bands. For the 13% HF calculation, the (broadened) bands centered at 870, 1073, and 1213 cm −1 are predicted at 880, 1076, and 1210 cm −1 with the approximate mode descriptions unchanged from those in Table 1 . In addition, the weak and broad experimental feature centered around 625 cm −1 is more closely predicted to be due to two absorptions at 618 and 640 cm −1 . Conversely, the position of the sharp band observed at 746 cm −1 appears to be better predicted by the computations including a higher percentage of exact exchange. We conclude that B3LYP/def2TZVP with the reduced HF exact-exchange contribution gives the optimum results in terms of prediction of the IR spectrum. For Fe−ligand complexes, Reiher et al. 104 also suggested to reduce the HF exchange to 15% to better reproduce experimental data, focusing especially on spin multiplicity. Similarly, Moritz et al. 105 reported an improved modeling of the binding of N 2 to Sellmann-type Fe(II) compounds upon reducing the default 20% HF to 15%. . Selected structural parameters resulting from the calculations for both members of the redox pair are summarized in Table 2 . For [Ru(bpy) 3 ] 2+ , the average Ru− N bond length is 2.081 Å and the bpy ligand bite angle with Ru is predicted to be 78. 0° . These values can be compared with Xray data, 106 which indicates that the Ru−N distance is slightly overestimated by 0.016 Å and that the bpy ligand bite angle is correct. The computed gas-phase data are reasonably close to results for an octahedral ligand environment. The ion is thought to have D 3 symmetry, 59, 107, 108 and the geometry optimization without symmetry constraints indeed gives a near-D 3 structure (rms deviation = 0.0193; see Figure 2 ). Upon charge reduction to [Ru(bpy) 3 ] + , overall structural parameters remain similar, maintaining the pseudo-octahedral geometry of D 3 symmetry 55 (rms deviation = 0.0188). The most striking geometry change is perhaps the average Ru−N bond length, which contracts slightly (0.012 Å) upon charge reduction. Despite the relatively minor structural changes, the IR spectrum changes significantly.
The computed contraction of the Ru−N bond length for [Ru(bpy) 3 ] + relative to [Ru(bpy) 3 ] 2+ suggests an increased metal−ligand bond energy, which indicates that the additional negative charge resides on the ligands providing an additional attractive Coulomb contribution to the metal−ligand binding. However, IR induced dissociation of [Ru(bpy) 3 ] + is much more facile than dissociation of [Ru(bpy) 3 ] 2+ , clearly suggesting a lower bond dissociation energy. Both observations need not be in contradiction, as the dissociation process leads Figure 2 . Parenthesized values are standard deviations in units of the last quoted digit. Figure S1 ). Such deviations in relative intensities between UHF and DFT levels may be an indication of the DFT results being susceptible to electron self-interaction error (SIE) 109, 110 for the open-shell [Ru(bpy) 3 ] + ion. This relates to the question of the (de)localization of the added electron upon charge reduction, as for instance investigated for the attachment of an electron to a multiply charged peptide cation by Gilson et al. 110 Conventional DFT functionals (such as the hybrid B3LYP) predict the added unpaired electron to be delocalized over the entire peptide, even upon its imminent dissociation into two fragments, which appears unphysical. However, several ab initio methods (UHF, MP2, CCSD) and longrange corrected DFT functionals (e.g., LC-BLYP, CAM-B3LYP 111 ) predict the unpaired electron to be localized on the group with highest electron affinity.
We therefore inspect the frontier molecular orbitals of the [Ru(bpy) 3 ] + ion in Figure 7 , (Figure 7b−d) give nearly identical results in which the SOMO is entirely delocalized over the three bpy ligands, as also reported in ref 55 . However, using one of the long-range corrected DFT functionals LC-BLYP or CAM-B3LYP, the SOMO is seen to be strongly localized on a single bpy moiety (Figure 7e,f) . These observations are also supported by the partial charges resulting from an NPA analysis at the different levels of theory as summarized in Table 3 . In addition, the SOMO−1 of [Ru(bpy) 3 ] + is mainly localized on the metal center and is very similar to the HOMO of [Ru(bpy) 3 ] 2+ , except at LC-BLYP and CAM-B3LYP levels, where the amplitude contributions from the ligand orbitals are again more localized.
The more localized character of the SOMO, and hence of the charge, as predicted by the long-range corrected functionals also leads to a geometry that is less symmetrical for the [Ru(bpy) 3 ] + complex ion. For instance at the LC-BLYP/def2-TZVP level, the Ru−N bonds of the bpy ligand carrying the localized SOMO are shorter (2.063 Å) than those with the other two bpy ligands (2.082 Å), in agreement with a higher Coulomb attraction to the metal center for the negatively charged bpy unit.
We can now speculate on the origin of the peculiar spectral broadening observed for the main bands in the IRMPD spectrum of [Ru(bpy) 3 ] + . If we assume that the negative charge localized on one of the ligands can easily hop from one bpy ligand to another, the system may possess a fluxional character, where the three bpy units take turns at attaching the added electron and hence at binding more strongly to the Ru center. At finite temperatures, such a system may show spectrally broadened resonances as IR excitation may enhance the charge hopping and hence the fluxional character of the system. A prototypical example is the vibrational spectrum of the CH 5 + ion, which may be regarded as a complex of a methyl cation and an H 2 molecule where the five H atoms are fluxional, which is strongly temperature dependent, in terms of both band positions and widths. 112 Although the more localized electronic character predicted by LC-BLYP and CAM-B3LYP may thus qualitatively Table 3 ) using the latter two functionals. An isosurface value of 0.015 was used for all orbitals. Note the similar charges on the Ru atom in the overall 1+ and 2+ complexes, indicating that the added electron is on the ligands. Note also the asymmetric charge distribution over the three ligands with the long-range corrected functionals as compared to the symmetric distribution using B3LYP and M06.
The Journal of Physical Chemistry A pubs.acs.org/JPCA Article rationalize the observed bandwidths in the IRMPD spectrum, the predicted frequencies at these levels of theory do not match with the experiment (see Figure S1 ). We do not further investigate this here but just note that B3LYP and M06 are in general known for their ability to predict vibrational spectra more accurately than many other DFT functionals.
CONCLUSIONS
We report the first gas-phase IR spectra of isolated [Ru-(bpy 2+ . Their IR spectra are also very distinct and while DFT computations have no difficulties reproducing the IR spectrum of the closed-shell dication, the IR spectrum of the monocation contains a large number of bands that appear broadened and that are difficult to reproduce at the DFT levels employed in this study. Reducing the HF exact-exchange contribution in the B3LYP/def2-TZVP calculations, results in a reduced the metal−ligand binding and gives an improved prediction of the experimental IRMPD spectrum. Upon charge reduction, all ligands remain intact and in the same octahedral configuration. Computations using the M06 and B3LYP functionals suggest that the added electron in [Ru(bpy) 3 ] + is delocalized over all three bpy ligands, while computations using long-range corrected functionals (LC-BLYP and CAM-B3LYP) suggest it to be localized on a single bpy ligand. A more localized charge could lead to a fluxional system that might explain the spectral broadening observed; however, these functionals fail to reproduce the experimentally observed IR spectrum. Hence, we conclude that the IR spectra presented here of the isolated [Ru(bpy) 3 ] 2+/1+ redox pair are useful benchmarks for further theoretical investigations on this system. The experimental method of combining electrontransfer reduction and IR ion spectroscopy in an ion trap mass spectrometer is shown to be of interest to investigate isolated metal−ligand complexes in oxidation states that are not readily accessible using standard ESI ion generation.
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